M
ost biochemical processes within and between cells are put into effect by the interaction between proteins, or between proteins and their substrates (1) (2) (3) . The proteome of a cell is the result of controlled biosynthesis and, therefore, is largely (but not exclusively) regulated by gene expression (4) . Vice versa, the transcriptome can be regarded as a sensitive read-out of the proteome or the biochemical state of the cell. Thus, transcriptome and proteome feed back to each other in a highly complex way. The understanding of this functional regulation is generally limited to distinct signaling or metabolic pathways. To begin to understand the mutual regulatory interactions between transcriptome and proteome, a comparative approach including the simultaneous monitoring of expression at the RNA and protein levels will be required.
The basic technologies for genome-wide expression analyses at the mRNA (5-7) and protein levels (8) (9) (10) are available. Transcript profiling was used to assess normal variability in gene expression levels of mouse liver, kidney, and testis (11) and to analyze changes in expression patterns during embryonic and fetal liver development (12) . So far, comparative transcriptome and proteome analyses in complex organisms are very limited and have been performed in human platelets (13) and heart tissue (14) , and in the Anopheles and Culex salivary glands (15, 16) . In rodents, the proteome of mouse primary islet cells was correlated with RNA expression data of purified primary rat beta cells, suggesting a close correlation between mRNA and protein expression (17) . A parallel analysis of transcripts and proteins at a genomic scale in identical mouse tissue samples has not been performed.
We use DNA chip-based expression profiling, 2D gel electrophoresis, and subsequent peptide mass fingerprinting (PMF) to explore the general feasibility of such a comparative gene expression analysis. A comparison of RNA and protein expression profiles from adult male mouse liver and kidney was made. The choice of different tissues provided a large set of differentially expressed proteins and genes. We used this set of differential expression profiles as a tool to address three major questions. (i) Does protein expression correlate with transcriptional regulation for the most differential proteins? (ii) Do transcriptomics and proteomics approaches detect functional categories with different preferences? (iii) Does coregulated gene expression correlate with colocalization in the genome?
Materials and Methods
Mouse Tissues. Breeding of wild-type C3HeB͞FeJ mice was under specified pathogen-free conditions. Left kidney and dorsal lobe of the liver were collected at the age of 105 days (ϩ͞Ϫ5 days) from male mice, killed between 9:00 a.m. and 12:00 noon by CO 2 asphyxiation. Organs were immediately frozen in liquid N 2 .
Pharmacia Bioscience. For each sample, five gels with gradients pH 4-7 and 6-11 were made. After focusing to the steady state, the strips were loaded with SDS and equilibrated in DTT and iodacetamide (18) .
The second dimension was performed as SDS͞PAGE. T12% and C2.8% SDS gels were run vertically in a Höfer ISO-Dalt chamber by using the Laemmli buffer system. The SDS͞PAGE was stopped when the bromophenol blue front ran off the gel; 1,800-2,000 Vh were applied. Gels were stained with Sypro Ruby and scanned with a Fuji fluorescence scanner. Mastergels were made from five replicas of one tissue in each gradient and matched (PROTEOMWEAVER, Definiens AG, Munich). Statistical calculations were performed allowing a standard deviation of Ͻ30% and a confidence level of 0.05 in the t test. Coomassie-stained micropreparative gels were run with 500 g of protein per gel. and annotation. For this simulation, we analyzed 10,000 distributions of 200 randomly selected genes from the list of all known genes in the Mouse May 2004 Assembly (26, 27) . For each run, we recorded the frequency with which we find at least 29 (resp. 4) nonoverlapping windows of 1 Mb (respectively 2 Mb) containing at least two (respectively 4) genes. The 95% confidence bounds show that the colocalization is significant because the probability to find 29 small cluster (1 Mb, at least two genes) or to find four larger cluster (2 Mb, at least four genes) by chance is P Ͻ 0.03 or P Ͻ 0.007, respectively.
Genes of at least 10 clusters are paralogous genes of eight gene families: Carbonic anhydrases (Car, cluster 2), Fibrinogens (Fg, cluster 3), Apolipoproteins (Apo, cluster 6 and 13), Cytochrome P450 family 2 (Cyp2, clusters 7 and 20) , Kallikreins (Klk, cluster 8), Serine protease inhibitors (Serpin, cluster D), Interalpha trypsin inhibitors (Itih, cluster 18), and Solute carriers (Slc, cluster 24).
To characterize some clusters of coexpressed genes in more detail, we included in our analysis genes in the intergenic regions as well as genes flanking clusters. For example, the Apolipoprotein cluster on mouse chromosome 7 has an evolutionary-conserved arrangement in mouse and man (28, 29) . In the mouse, Apoe, Apoc1, Apoc4, and Apoc2 are localized within an interval of Ϸ20 kb with the same transcriptional orientation. Genes of this Apolipoprotein cluster are expressed stronger in liver than in kidney: Apoe is represented by two probes on our DNA chip (rank nos. 72 and 25, Table 2 ), and Apoc1, Apoc4, and Apoc2 are each represented by one probe (rank nos. 2, 225, and 104, Table 2 ). The downstream and upstream flanking genes of this Apolipoprotein cluster, Tomm40 and Clptm1, are also represented each by one probe (data not shown). However, they are not differentially regulated between liver and kidney, suggesting that the regulation is confined exclusively to genes of the Apolipoprotein cluster.
Differential Proteome of Mouse Liver and Kidney. Samples from mouse 1 (Tables 1 and 3 ) were divided such that RNA and protein data were obtained from the identical sample. A total of 2,445 spots were detected in the liver proteome compared with 2,261 spots in Fig. 1 . Chromosomal localization of the top 200 differentially expressed genes based on DNA chip expression data. The top 100 genes relatively more abundant in liver are shown in red, and the top 100 genes with higher expression in kidney than in liver are shown in green. Genomic regions with two or three regulated genes within Ͻ1 Mb (numbered 1 to 25) and with four or five regulated genes within Ͻ2 Mb (labeled A to D) are shown to the left of each chromosome. Genes not colocalizing are shown to the right of each chromosome. BLAT searches of 14 probe sequences did not match a specific sequence in the public mouse genome database.
the kidney proteome ( Fig. 2A) . To detect differential protein expression, the quantification of each spot was compared between both organs. With a factor at least 1.5-fold, 366 spots were more abundant in kidney as compared with liver, and 439 spots were more abundant in liver than in kidney.
For subsequent PMF, spots were selected based on stringent criteria allowing a standard deviation of Ͻ30% in five replicates and a confidence level of P Ͻ 0.05 in the t test (Fig. 2) . Based on these criteria, 47 differential spots were selected for protein identification. Seven spots consisted each of two distinct proteins (Fig. 2 A) . Mass fingerprinting of three spots did not lead to the identification of known proteins, resulting in 51 independent protein identifications (33 in liver and 18 in kidney).
Six proteins (Krt1-18, Cps1, Mup1, Car3, Vil, and Akr1a4) were identified within either two or three individual spots, suggesting that these major differential proteins are present in different isoforms or with different posttranslational modifications. The 51 identified proteins thus represent 43 distinct proteins (fully listed in Table 4 ).
Many of the major differentially expressed proteins are characteristic markers for the tissues analyzed. Villin (Vil) is a structural protein localized in the microvilli of brush borders of proximal kidney tubules (30, 31) , and aldehyde reductase (Akr1a4), with previously reported strongest transcription in kidney, is functionally involved in the detoxification of reactive aldehyde intermediates (32, 33) . In liver, expression of the intermediate filament , keratin-type I-cytoskeletal) was previously described in epithelia, and mutations in Keratin 18 have been identified as risk factors for developing liver disease of multiple etiologies (34, 35) . The hepatocyte-restricted expression of carbamoyl phosphate synthetase I (Cps1) restricts the urea cycle to liver (36, 37) . Carbonic anhydrase 3 (Car3) and major urinary protein 1 (Mup1) are known for their expression and physiological function in liver (38) (39) (40) . The finding that a considerable number of the identified proteins are characteristic markers for the examined tissues gives confidence in the differential protein data.
Assessment of Transcript and Protein Functions.
To compare the functions of differential transcripts and proteins, we collected the functional annotations (biological process and molecular function) of all identified proteins and the top 100 differentially expressed genes in the Mouse Genome Informatics database ( Fig. 3 and Table  4 ). More than 70% of the identified proteins were annotated as metabolic enzymes or associated with biosynthesis. The majority of
Fig. 2. Mastergels of mouse liver and kidney protein extracts (A) and example for the identification of a differential protein signal (B). (A)
Each image is a digital mastergel of five 2D gels of identical protein extracts. Proteins more abundant in either liver or kidney (red or green, respectively) were excised for PMF. Subscripts (3 1/2, 101/2, 241/2, 251/2, 341/2, 441/2, and 451/2) indicate spots that contained two distinct proteins based on PMF. (B) A visualization of the spot (no. 37) quantification in liver (Upper) and kidney (Lower). This protein (Nudt7) had a spot intensity of 254 in liver and was not detected in 2D gels from kidney extracts. the remaining functionally annotated proteins were either transport (11% in liver and 6% in kidney) or structural (7% in liver and 6% in kidney) proteins (Fig. 3) . The functional categories among transcripts were less dominated by metabolic enzymes (12% in liver and 14% in kidney) and comprised more diverse functional annotations. The latter included genes coding for proteases and protease inhibitors and proteins associated with apoptosis. In particular, 14% of the transcripts relatively abundant in liver had various unique functions. Among differential transcripts, 22% in liver and 36% in kidney were from genes without a functional annotation in the Mouse Genome Informatics database. In contrast, among the identified proteins, 8% in liver and 0% in kidney had no functional annotation (Fig. 3) . Because the functional annotations for both proteins and transcripts were derived from the same database and because the distribution of categories of functions is different for proteins and transcripts, the distribution of functional categories does not merely reflect the makeup of the database. Instead it is conceivable that the differences in the relative abundance of functional categories are due to different preferences of the proteomics and transcriptomics methods (see also Discussion).
Transcriptional Versus Translational Regulation. We assessed the differential expression at the RNA level of those proteins that were identified as relatively abundant in either organ. Of the 43 identified proteins, 37 were represented by at least one probe on our microarray (Table 4) . Nine genes were represented by two (Cai, Scp2, Actr3, Car3, Arg-1, Hmgcs2, and Akr1a4), three (Acox1), or four (Mup gene family) probes (Table 4) .
In liver, 18 of the 24 proteins (75%) for which DNA probes were present were also significantly more abundant at the transcript level in liver as compared with kidney. In addition, for three genes (Rad23b, Krit1-18, and Gpt1), DNA chip experiments suggested reproducible up-regulation on all slides on which spots could be identified. For two genes (Rnf20 and Actr3) that were highly expressed at the protein level, RNA expression profiling did not indicate differential regulation (Table 4) . For the unknown gene, gb͉BC026366, only 2 of 16 chips resulted in hybridization signals, not allowing assessment of the transcriptional regulation.
Thirteen of the 18 proteins relatively abundant in kidney were represented by at least one probe on the DNA chip. Five of these genes (38%) were also significantly more abundant at the RNA level in kidney as compared with liver (Atp6v1b2, Arbp, Akr1a4, Oxct, and Tpi). In addition, transcripts for two genes (Vil and Ldh1) were more abundant in kidney as compared with liver but were either not detected on all DNA chips or were reversely regulated on one of 16 chips (Table 4) . Acox1 had a tendency to be stronger expressed in kidney based on DNA chip data. Fumarate hydratase 1 (Fh1) and fumarylacetoacetate hydrolase (Fah), both major proteins detected in kidney, were strongly transcribed in liver but not in kidney, indicating reverse regulation on the transcript and protein levels (Table 4) . DNA chip expression profiling did not suggest differential regulation of the remaining three genes (Mtx2, Ak1, and Dnahc11).
Taken together, of the 37 proteins that were also represented by a probe on the microarray, 29 genes (79%) were either clearly regulated with same tendency on all chips (18 in liver and 5 in kidney) or on most chips (3 in liver and 3 in kidney). There was evidence for no transcriptional regulation of five genes and for reverse regulation of two differentially expressed proteins (Fig. 4) . DNA chip data did not allow assessment of transcript regulation for one differentially expressed protein, possibly due to low gene expression levels. Although transcriptional and translational regulation correlate positively for the majority of genes, the comparative approach also demonstrates that some proteins are either transcriptionally not differentially regulated or show a reverse transcriptional regulation.
Discussion
Using DNA chip-based expression profiling with Ͼ20,200 probes, we identified Ͼ1,800 transcripts differentially regulated with high statistical significance between mouse liver and kidney. 2D gel electrophoresis detected around 2,300 spots in each organ. About 800 spots were regulated with a factor of at least 1.5-fold. PMF of 47 isolated spots resulted in the identification of 43 distinct differential proteins. We used this rather comprehensive gene expression data set as a tool to (i) evaluate functions of differential transcripts and proteins, (ii) relate transcriptional and posttranscriptional regulation, and (iii) map differential transcripts to the mouse genome.
The comparison of the functional annotation of the major differential proteins and transcripts suggests that protein and transcript detection methods reveal functional categories with different preference. Metabolic enzymes constitute the largest fraction of identified proteins. A minor fraction is associated with other functions such as transport or structure. These observations corroborate similar findings made, for example, in the analysis of the mouse brain proteome (9, 10) . In contrast, differential transcripts have more diverse functions (Fig. 3) . On one hand, the relatively low number of diverse functional groups at the protein level may be due to current limitations of the proteome analysis method. We estimate the detection limit of the proteomics approach to at least 1,000 copies of a protein per cell. The proteins detected by 2D gel electrophoresis represent the most abundant proteins. In addition, we selected the most differential spots for protein identification. This experimental limitation is probably one important reason why the detected proteins mostly have metabolic functions. Thus, regarding differences in protein expression, a major distinction between liver and kidney cells seems to be the set of metabolic enzymes activated in the respective tissue. The better sensitivity of DNA chip expression profiling may be one reason why the differential transcripts have more diverse functions. The latter included 22% (liver) and 36% (kidney) novel genes and genes without functional annotation. Thus, DNA chip-based transcriptome analysis may also be an efficient method for the identification of novel disease-associated genes (41, 42) .
The comparative approach opened the possibility to relate regulation at the transcript and posttranscriptional levels. In our experimental set-up, we can easily analyze the expression at the transcript level of differentially expressed proteins because all probes on our DNA chip have been sequenced. The reverse, finding the corresponding protein for a differential transcript on the 2D gel, would require specific antibodies or a systematic PMF analysis of all Transcript expression of differential proteins. Twenty-nine genes had the same tendency at the transcript level (orange), five were not differentially regulated at the transcript level (pink), two were reversely regulated (light blue), and one was weakly expressed at the RNA level (dark blue).
spots on 2D gels. The majority of the differential proteins was also regulated with the same tendency in DNA chip analyses (Fig. 4) . This observation suggests that, at least for the most differential proteins, gene expression at the transcript level correlates well with protein expression. Similarly, a close correlation between mRNA and protein expression was suggested in rodent pancreatic islets cells (17) and mitochondria from distinct mouse tissues (43) . Five differential proteins (Rnf20, Actr3, Mtx2, Ak1, and Dnahc11) were not regulated at the RNA level, suggesting that the differential expression of these proteins could be due to the stability or differences in secretion or accumulation of these proteins. Moreover, Fh1 and Fah, both abundant proteins in kidney, were strongly transcribed in liver but not in kidney, possibly suggesting different turnover rates or efficiencies of translation in the two tissues. The comparison of gene regulation at the transcript and protein levels thus provides a proof-of-principle for the usefulness of the comparative approach.
Our transcriptome analysis of two functionally diverse tissues led to the identification of Ͼ1,000 differentially expressed genes. This high number of regulated genes allowed the assessment of chromosomal colocalizations, resulting in the description of 29 clusters of coexpressed genes. Chromosomal regions of coexpressed genes have also been identified based on expression profiling data in yeast, Caenorhabditis elegans, Drosophila, man, and mouse (44) (45) (46) (47) (48) . The coregulation of closely linked genes through shared sequence elements in cis (such as enhancers, repressors, insulators, locus control and matrix attachment regions, etc.) has been described for gene families such as apoE, ␣-globin, ␤-globin, Hox genes, and others (49) (50) (51) (52) . Similarly, our expression data identified the proximal Serpin subcluster as linked and differentially regulated genes. The arrangement of these genes is conserved between mouse and man, except that the human SERPINA1 gene has five isoforms in mouse (53) . Recently, a control region was identified in the human locus that is required for SERPIN gene activation and for chromatin remodeling of the proximal subcluster (54) .
The coregulation of linked genes may be imposed either by sharing cis-regulatory interactions or, alternatively, may be associated with a more general or long-range property of genomic sequences (49, 55, 56) . Additional data suggest that at least some of the genes, identified here as coexpressed, may indeed be coregulated through the same regulatory factors. For example, the expression of the Serpin and the Fetuin clusters in liver may at least in part require the same transcription factors. Human HNF3 (Foxa3 in mouse; rank no. 167 in our liver expression data; Table 2 ) is an essential factor for the transcriptional regulation of many hepatic genes that can affect chromatin structure by displacing linker histones at least in the serum albumin enhancer. It was also suggested to be one of the potential factors regulating expression of SERPIN genes (54, 57, 58) . HNF3 binding sites were also identified in the liver-specific FETUIN (AHSG) gene. In the mouse, Ahsg and Fetub are direct neighboring genes within Ϸ50 kb on chromosome 16 (Chr. 3 in man) (59) . Both genes Ahsg (two probes, rank nos. 9 and 11), and Fetub (rank no. 636) were strongly expressed in liver and weakly expressed in kidney ( Table 2 ). Based on these observations, we hypothesize that the colocalization of coexpressed genes in our study may at least in part be of functional relevance.
The clusters of coexpressed genes identified here provide a basis for the identification of common regulatory sequences. They are currently analyzed systematically in a combination of in silico geneand region-wise, intra-and interspecies comparative approaches. Predictions on regulatory sequences must be followed by functional mutagenesis studies in vivo.
We thank K. Seidel and S. Schädler for excellent technical assistance. This work was supported by funds from Nationales Genomforschung- 
